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Abstract 
The as-cast AZ91 Mg alloy samples were cryogenic treated with different time. Otherwise, optical microscope (OM), me-
chanical test, resistance test and XRD analysis were used to research the microstructure evolution and physical variation of the 
samples before and after cryogenic treatment (CT). Due to CT, the structure of as-cast AZ91 Mg alloy was changed from disor-
dered solid solution to ordered solid solution. Firstly, the appearance of ordered solid solution leads to the improvement of peak 
stress after CT, because of ordered strengthening. Secondly, resistance and crystallographic lattice constant of the samples reduce 
obviously. Otherwise, the frame-type twinning which is created from matrix in the cryogenic environment could hinder the twin 
growth and cause the ordered strengthening. 
Keywords: magnesium alloys; cryogenic treatment; ordered solution; twinning; microstructure 
1. Introduction1 
Compared to conventional heat treatment, cryogenic 
treatment (CT) which means placing sample in the en-
vironment below 143 K and improving the property of 
the sample is an inexpensive one-time treatment that 
influences the core properties of the component, unlike 
purely surface treatments[1-2]. Currently, this technol-
ogy has been utilized in the fields of aerospace, aviation, 
automobile, mold, etc[3]. Mohan，et al. [4] discovered 
that the austenite in high speed tool steel part cannot 
totally switch to martensite immediately after quench. 
The remainder austenite will convert to martensite 
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gradually in the process of utilization and affect the 
size accuracy of the part. Nevertheless, a large amount 
of remainder austenite would convert to martensite in 
cryogenic environment and precipitate a lot of ex-
tremely fine carbide which maintain coherent relation-
ship with matrix. In Ref. [5], the mechanical property 
of 3Cr13Mo1V1.5 cast iron after CT was carefully 
researched. The results show that due to the conversion 
of reminder austenite to martensite and precipitation of 
carbide in cryogenic environment, CT would greatly 
improve the hardness and wear resistance. 
It can be found that most of researches about CT  
focus on the field of ferrous metal, while researches in 
the field of inferrous metal such as Al alloy, Mg alloy 
and Cu alloy are deficient. In Ref. [6], CT brought 
about the formation of the martensite phase accompa-
nied by the morphology modification of the CuZr pre-
cipitates, contributing to the improvements in the mi-
crohardness and the compression fracture strength. 
Jiang，et al.[7] carefully investigated the mechanical 
property of 3102 Al alloy after CT and found that CT Open access under CC BY-NC-ND license.
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would induce the refinement of grains (0.1-3.0 μm) 
and the improvements of strength and elongation.  
In this research, the as-cast AZ91 Mg alloy samples 
were cryogenic treated in the liquid nitrogen dewar for 
1 h, 3 h, 5 h, 6 h, 10 h and 24 h, respectively. After CT, 
optical microscopy (OM) and transmission electron 
microscopy (TEM) were used to investigate the micro-
structure of the samples. Mechanical test, XRD analy-
sis and resistance test were utilized before and after CT 
to examine the evolution regularity of physical prop-
erty. 
2. Experimental Procedure 
The material used in this study is as-cast AZ91 Mg al-
loy whose chemical composition is listed in Table 1. The 
round specimens (9 mm in height and 6 mm in diameter) 
were prepared using electrical-discharge machining 
from as-cast Mg alloy ingot. The specimens were laid 
aside in the liquid nitrogen dewar (about 73 K) for 1 h, 
3 h, 5 h, 6 h, 10 h and 24 h, respectively. Then the sam-
ples before and after CT were compressed using Glee-
ble-1500 with a constant strain rate of 10−2  s−1.  
The surfaces of the specimens before and after CT 
were ground with 2000 grit SiC paper and then pol-
ished by standard metallographic techniques. For OM, 
specimens were etched for 10 s in a solution of 19 ml 
water, 20 ml acetic acid, 1 ml nitric acid and 60 ml 
ethylene. D8ADVANCE XRD machine whose step size 
is 0.02°and scanning angle is 25°-90°was used to 
investigate the evolution of lattice constant. To re-
search the effect of CT on physical property, direct 
current single arm electric bridge circuit was used to 
measure the variation of electric resistance (see Fig. 1). 
Every sample was measured three times to obtain the 
precise average values. The micro morphology of some 
samples was observed by H800 transmission electron 
microscopy. 
Table 1  Chemical composition of AZ91 Mg alloy 
wt% 
 Al Zn Mn Fe Cu Ca Mg 
8.29 0.73 0.20  0.015  0.04 0.016 Bal. 
 
Fig. 1  Diagram of direct current single arm electric bridge 
circuit. 
3. Results and Discussion 
3.1. Mechanical properties 
Figure 2 shows the true stress-strain curves obtained 
from compression tests of the samples at a constant 
strain rate of 10−2 s−1. In order to reflect the deforma-
tion characteristics before and after CT, each compres-
sion condition was repeated three times and the aver-
age mechanical properties were measured (see Table 2). 
It can be seen that the peak stress of AZ91 Mg alloy 
increases obviously after CT and the plasticity also 
rises greatly with the CT time. The improvement of 
peak stress and plasticity of the samples after CT may 
be credited to the ordered strengthening caused by or-
dered solid solution.  
 
Fig. 2  True stress-strain curves of AZ91 Mg alloy before 
and after CT. 
Table 2  Average mechanical properties of the samples 
before and after CT 
Cryogenic time/h Peak stress/MPa True strain 
0 215.4 0.11 
1 239.7 0.13 
3 248.9 0.14 
5 246.3 0.18 
10 240.3 0.21 
24 253.2 0.23 
As the ordered process, when some disordered solu-
tions were cooled to below the critical temperature, the 
solute atoms may change from statistically random 
distribution to regularly distribution and a new super-
lattice structure could be obtained [8]. In this research, 
the superlattice structure was also obtained since the 
as-cast AZ91 samples were laid aside in the liquid ni-
trogen dewar whose environmental temperature was 
kept below 77 K over 1 h. So, when the samples were 
taken out from the liquid nitrogen dewar, the superlat-
tice structure was still partly maintained and led to the 
ordered strengthening, which results in more difficul-
ties to occur plastic deformation in ordered solid solu-
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tions than that in disordered solid solutions 
[9].Therefore, the peak stress of the samples after CT is 
higher than that of sample before CT and the ordered 
strengthening occurs. Other characteristics for occur-
ring ordered strengthening will be shown in the fol-
lowing parts.  
3.2. Resistance analysis 
In order to ascertain the effect caused by ordered 
solid solution, direct current single arm electric bridge 
circuit was used to measure the variation of electric 
resistance, before and after CT. The results are shown 
in Table 3 and Table 4. 
Table 3  Constant in direct current single arm electric 
bridge circuit 
   Electric resistance               Before CT              After CT 
R1/Ω 








The electric resistance of RX can be calculated by 
Eq.(1) and the electric resistance values are shown in 
Table 4. All the samples were tested by three times to 









= =   (1) 
where K is ratio arm rate, R1 and R2 are standard resis-
tance, R0 is compared resistance and RX is measured 
resistance. The symbols are also shown in Fig.1.  
Table 4  Electric resistance for the samples before and 
after CT 
Cryogenic time/h   Before CT /Ω After CT/Ω 









As shown in Table 3 and Table 4, the phenomenon 
that the electric resistance values of the samples after 
CT were reduced obviously was caused by the occur-
rence of ordered solid solution. As known from quan-
tum mechanics, due to the appearance of ordered solid 
solution, the obvious decrease of electric resistance 
was mainly caused by the destruction of periodic po-
tential in lattice and the scattering of electron wave. 
The distortion caused by defects and impurities, as well 
as the vibration distortion caused by thermal vibration 
of atoms would lead to the scattering of electron wave 
and result in the occurrence of electric resistance [10]. 
For one thing, different atoms in solid solution will 
destroy the periodic field in the lattice and reduce the 
rise in electric resistance, while the ordered solid solu-
tion will improve the chemical effect among compo-
nents. For another thing, the ordered solid solution is 
beneficial to amending stereoregularity of hydronium 
electrical field and bringing about the reduction of 
electron scattering. Therefore, the ordered solid solu-
tion can cause the decrease of electric resistance greatly. 
In Ref. [11], when the orderly clustering of alloy ele-
ments occurs in austenite mangnese steel, the electric 
resistance also reduces obviously. 
3.3. X-ray diffraction analysis 
By the XRD pattern of as-cast AZ91 Mg alloy be-
fore and after CT, the lattice constants can be calcu-
lated with Eqs.(2)-(5) by randomly selecting two 
high-angle diffraction peaks signed with i and j, re-
spectively[12] . 
 
2 2A H HK K= + +  (2) 
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−= ⋅ −  (5) 
where H, K and L are parameters of reciprocal lattice; a 
and c are lattice constant; λ is diffraction wavelength 
andθis diffraction angle. With Eqs. (4)-(5), Eq. (6) 






j i i j





−= ⋅ −  (6) 
where λ value is 1.540 Å . Figure 3 shows the XRD 
pattern of the samples, before CT and cryogenic treated 
for 5 h. After calculated with Eq. (5) for five times, the 
average lattice constants about the samples before and 
after CT were 3.537 Å  and 3.498 Å , respectively. 
From the data, it is known that after CT, the lattice 
constants reduced to a certain degree which was caused 
by ordering. 
 
Fig. 3   X-ray diffraction of as-cast AZ91 Mg alloy before 
and after CT. 
3.4. Microstructure evolution 
Figure 4 is the microstructure of as-cast AZ91 Mg 
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alloy before and after CT. Based on Mg-Al binary 
phase diagram, the microstructure of as-cast AZ91 Mg 
alloy consists of primary α-Mg and β-Mg17Al12 di-
vorced eutectic phase.  
   
Fig. 4  Microstructure of as-cast AZ91 Mg alloy before and 
after CT. 
As shown in Fig. 4(b) and Fig. 4(c), some β-Mg17Al12 
particles were precipitated after CT. In Fig. 4 (d), after 
cryogenic treated for 10 h, some of twins occurred in 
the ambient temperature compression process and these 
twins were hindered near the second phase particles. 
Generally speaking, twinning usually appears in the 
deformation process of Mg alloy [12-18].While, twinning 
was scarce after CT. By examining the typical TEM 
morphology(see Fig. 5), it is also shown that a great 
number of rod like second phase particles appeared 
after CT.  
 
Fig. 5  Morphology of second phase particle after CT. 
The precipitation of second phase could be ex-
plained as follows. Firstly, it is known from the equa-
tion of state that the decrease of temperature gives rise 
to thermal contracting and brings the evolution of 
volume, which can be expressed by Eqs. (7)-(10). 
Therefore, the contraction of volume becomes serious, 
if the temperature of the samples decrease from room 
temperature to cryogenic temperature (about 77 K). 
Both the volume contraction and the decrease of lattice 
constant induced by ordered solid solution cause the 
precipitation of second phase [19]. Secondly, the con-
traction of volume enables the generation of great 
compression stress and deformation energy. The de-
formation energy can be used to provide the driving 
force of the second phase precipitation. The precipita-
tion of second phase also plays a significant role in the 
following deformation process and could cause the 






α − ∂⎛ ⎞= ⎜ ⎟∂⎝ ⎠  (7) 
 [ ]0 0exp ( )TV V T Tα= ⋅ −  (8) 
 [ ]{ }0 0 0exp 1( )TV V V V T TαΔ = − = −−  (9) 
 [ ]m 0
0
exp 1( )V T T
V
σ αΔ= = −−  (10) 
In which α is the coefficient of expansion under 
pressure (abbreviated to P in Eq. (7)) caused by CT , V 
the volume, V0 the initial volume, VT the volume of the 
sample after treatment, T0 the initial temperature, T the 
cryogenic temperature and mσ the contraction per-
centage. 
Figure 6 shows the TEM image of the sample after 
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cryogenic treated by 6 h. It is shown that the cryogenic 
treatment could induce a kind of intersected twin 
structure which can be named with frame type twins. 
In Ref. [20], the special frame type twins were also 
observed in the cryogenic treatment of Cu15Ni8SnNb 
alloy. 
 
Fig. 6  TEM image of AZ91 Mg alloy after CT with 6 h. 
From Fig. 6, it can be seen that the frame type twins 
are broad and the average width is 2.3 μm. Both inter-
sected twin groups in frame type twins could not affect 
the grown up each other and mutual leap over. In 
Ref.[20], the frame type twinning was initiated by the 
micro deformation produced in the cooling process and 
can hinder the dislocation movement in the following 
deformation. 
4. Conclusions 
1) The appearance of ordered solid solution leads to 
the improvement of peak stress because of ordered 
strengthening. Ordered solid solution also results in the 
reduction of electric resistance and the evolution of 
crystallographic lattice constant.  
2) Due to CT, the structure of as-cast AZ91 Mg alloy 
is changed from disordered solid solution to ordered 
solid solution. 
3) CT could induce the precipitation of second phase 
particles and the appearance of frame type twinning. 
The increased second phase particles are thought to be 
one of the main factors that cause the strengthening in 
the following deformation process.  
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